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A Bent LAue ANALYZER FOR

K-RaY FLUORESCENCE SPECTROSCOPY

The new optic described in this report is capable of improving the sensitivity of x-ray
fluorescence spectroscopy by eliminating the undesired photons before they reach the
detector. The opfics is an appropriately bent, thin silicon crystal, which is positioned to diffract
the desired fluorescence x-rays. The Laue geometry is used in which the x-rays propagate
through the crystal, and the undesired photons are eliminated by a system of slits. The merits
and the limitations of the new approach are discussed.

X-ray absorption fine structure (XAFS) spec-
troscopy is a powerful tool for studying the molecu-
lar structure of solids, liquids, and molecular gases.
Using XAFS allows the experimenter to “tune into”
selected atomic species in complex materials and
precisely determine average distances to nearby
atoms, to identify what and how many nearby atoms
there are, and related information. In many cases,
XAFS also can provide information about local site
symmetry and the oxidation state of the selected
species. Often the experimenter can tune into differ-
ent types of atoms to get a more Complel,e picl,ure of
the sample as a whole.

A significant strength of XAFS is that, unlike
x-ray diffraction, it can be applied to amorphous
materials and solutions. Also, it does not require
special sample conditions, so that it is possible to
study a wide variety of materials under conditions
similar to their natural states. It is possible to vary
the sample conditions, such as temperature, pres-
sure, pH, oxidation/reduction potential, and electric
and magnetic fields, and then study the changes in
local structure that are induced by those conditions.
Systematic comparison between the functional
behavior and the structures of metalloproteins by
site-directed mutagenesis is of great value.
Analogous systematic studies of the properties of
materials and catalysts are similarly beneficial.
These characteristics make XAFS a powerful tool

for studies in physics, chemistry, biology,

materials science, geosciences, environmental science,
and a wide array of engineering disciplines.

For dilute systems in which the atomic species
of interest is a small proportion of the total number
of atoms, XAFS requires intense x-ray beams. When
the concentration becomes less than several hundred
parts per million, it becomes preferable to measure
the x-ray absorption coefficient indirectly by detect-
ing the characteristic fluorescence x-rays that are
emitted by the element of interest. These emerge
radially from the sample in all directions and are
accompanied by fluorescence x-rays from other ele-
ments in the sample, and x-rays that are scattered.
The goal is then to efficiently collect those x-rays,
and then to select and count the particular fluores-
cence x-ray photons of interest.

Conventionally, the fluorescence is often ana-
lyzed using commercial solid-state detector arrays,
which count each fluorescence photon and deter-
mine its energy through electronic means by meas-
uring the number of electron-hole pairs created in
semiconductors (silicon or germanium). Although
these detectors are suitable for many purposes, they
have serious limitations: count rate, energy resolu-
tion, and cost. The count rates per channel are in the
several hundred kilohertz range, the energy resolu-
tion is generally greater than 150 eV, and presently
the costs are several hundred thousand dollars

including electronics.
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FIG. 1. A sketch of the "logarithmic bent Laue ana-
lyzer” concept.

Many samples of interest in materials science
and environmental science are composed of a wide
variety of elements, and sometimes the resolution of
the solid-state detector arrays are insufficient to sep-
arate the fluorescence lines from different species.
Furthermore, the x-ray fluxes delivered in the full
beam from undulator beamlines at the Advanced
Photon Source (APS) are very intense, and the unde-
sired x-rays scattered off the sample can quickly sat-
urate conventional photon-counting detectors. These
costly detectors become overloaded by photons you
never wanted in the first place. There had to be a
better way.

For these reasons, we have tried different
approaches for eliminating the undesired photons
before they reach the detector. Initially, a device
based on arrays of synthetic multilayers was devel-

oped by Zhang, Rosenbaum, and

oped since then. The initial test results were presented
at the SRI'99 Conference in Stanford, California [5].

The basic idea is simple but surprisingly effec-
tive: An appropriately bent thin silicon crystal is
positioned so as to diffract the desired fluorescence
x-rays. The Laue (hence the name) geometry is
used, in which the x-rays propagate through the
crystal. The diffracted beam is deflected by twice the
Bragg angle (typically 10°-20°) through slits that are
aligned parallel to the diffracted beams, so they are
not blocked. The desired photons are then collected
by an inexpensive large-area-integrating detector.,
such as an ionization chamber. Conversely, the scat-
tered x-rays and fluorescence from other elements in
the sample produce photons at different energies,
and these are not deflected; they travel straight
through the crystal and are then blocked by the slits
(Fig. 1). The slit material (Sn) is chosen so that the
fluorescence from the slits (induced by the absorbed
x-rays) is of sufficiently low energy that it is
absorbed by air and the detector windows.

In order for the whole crystal to diffract, the
x-rays incident on each part of the crystal must hit
the crystal at the correct (Bragg) angle, which means
the crystal needs to be bent to a specific logarithmic
spiral shape (or sufficiently good approximation).
Logarithmic spiral shapes are commonly found in
nature, for example in Nautilus shells and flowers,
because this mathematical shape derives from a sim-

ple growth rule: grow radially outward by an

Bunker [1], and it has been success- 1.2

fully used for several years on the Bio-
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International XAFS Conference in

Chicago and has been further devel-

FIG. 2. An XAFS spectrum of around 65 ppm Zn - adsorbed to mont-
morillonite clay - measured with Logarithmic Bent Laue Analyzer.



amount in proportion to the present size, turn
through a specific angle, repeat.

The surprising thing about this approach is
that bending the crystals a sufficiently large amount
dramatically changes the diffraction properties, in
effect making the near-perfect crystals, which are
exquisitely sensitive to alignment, act like highly
imperfect crystals that are roughly 20 times more
forgiving. This greatly improves detection efficiency
and enormously simplifies construction of the
devices (and hence the cost) and experimental align-
ment. We have found that very simple numerically
machined crystal bending forms can be fabricated to
sufficient accuracy, at very reasonable cost.
Although the concept was originally intended for use
at higher energies it is also well suited for much
lower energies, even potentially as low as 4 keV. A
representative XAFS spectrum of around 65 ppm Zn
absorbed to Montmorillonite clay is shown in Fig. 2.

One attractive characteristic of this device is
that, by choosing the optimal designs for a particu-
lar application, the performance can be optimized
with respect to various characteristics such as energy
bandwidth, optimal x-ray beam spot size, and
throughput.

There are some limitations. These devices typ-
ically require beams that are limited in size to
approximately 100 wm in one direction (usually ver-
tical) and a millimeter or so in the other direction, so
that focusing optics on the beamline are beneficial,
though not absolutely required. This characteristic
makes the bent Laue analyzer a particularly good
match for the characteristics of third-generation
synchrotron sources, and the small energy band-
width (~10 eV) makes it a uniquely suitable choice

for microfocusing beamlines.

Bent Laue optic is versatile and can serve as
the basis for innovative and useful devices in syn-
chrotron radiation research. We are developing cost
effective approaches for optimization and manufac-
ture so that experimenters can take advantage of

this simple and useful new technology.
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